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Human Brain Infarction: Proton
MR Spectroscopy’

Jeffrey H. Duijn, PhD ¢ Gerald B. Matson, PhD ¢ Andrew A. Maudsley, PhD
James W. Hugg, PhD ¢ Michael W. Weiner, MD

Two-dimensional proton magnetic
resonance (MR) spectroscopic imag-
ing studies were performed of the

distributions of the major hydrogen-1-

metabolites of choline, creatine,
N-acetyl aspartate (NAA) and lactate
in normal (# = 6) and subacutely to
chronically infarcted (n = 10) human
brain. The two dimensions of phase
encoding were applied over a 20-mm-
thick section of brain tissue that had
been selected with a double spin-
echo localization method. Normal
brain showed bilaterally symmetric
metabolite distributions and no de-
tectable lactate. Nine of 10 studies of
brain infarction showed substantial
decreases in NAA, creatine, and cho-
line in the infarcted area compared
with control areas; averaged for all
studies, the decreases were 77%
8,63% *+ 11, and 54% =+ 12, respec-
tively (mean + standard error). The
decreased metabolite concentrations
are probably due primarily to dimin-
ished cell density in the infarct. The
decrease in NAA was larger than the
decreases in choline and creatine.
Findings in all of the studies showed
lactate in the infarcted tissue and/or
ventricles. The continued presence of
lactate in the infarct indicates in-
creased anaerobic glycolysis due to
ischemia or other factors.

Index terms: Brain, infarction, 10.781  Brain,
MR, 10.1214 = Magnetic resonance (MR), spec-
troscopy, 13.1229

Radiology 1992; 183:711-718

VER the past few years proton
magnetic resonance (MR) spec-

troscopy has developed into a useful
technique with which to monitor
noninvasively the metabolite levels in
normal and diseased human brain.
Altered metabolite levels have been
reported in cases of hyperventilation
(1), acute (2-5) and chronic (4-10)
brain infarction, demyelinating dis-
ease (11), brain tumors (12-16), epi-
lepsy (17,18), acquired immunodefi-
ciency syndrome (19), and multiple
sclerosis (20-22). All studies of brain
infarction showed marked changes in
metabolite concentrations.

Findings in two studies of acute
infarction (2,3) showed complete loss
of nitrogen acetyl aspartate (NAA)
and a reduction in choline and creat-
ine; results of studies of acute infarc-
tion (2-5) showed a marked increase
in lactate in the infarcted area. In
studies of chronic infarction (4,6-9),
the infarcted region exhibited loss of
NAA, choline, and creatine. The loss
of NAA is of particular interest be-
cause it has been suggested that NAA
is largely localized in neurons (23);
however, it has not yet been estab-
lished whether NAA is located in
other cells. Findings in one of the pre-
viously reported cases (6) showed in-
creased lactate in brain tissue outside
the infarcted area. Results in two of
the previously reported chronic inf-
arctions (9,10) showed persistent ele-
vation in lactate up to 4 months after
the infarction. The presence of persis-
tent lactate indicates the occurrence
of increased glycolysis, which might
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be a marker for ongoing ischemia or
other processes.

Early hydrogen-1 MR spectroscopic
techniques obtained metabolite spec-
tra from a single localized volume,
termed the volume of interest (VOI).
Examples of these techniques are im-
age-selected in vivo spectroscopy (24),
stimulated-echo acquisition mode
(25-28), spatially resolved spectros-
copy (29), and the Carr-Purcell double
spin-echo point-resolved spectros-
copy volume selection technique
(30,31). Recently, MR spectroscopic
imaging methods, which use phase
encoding over a selected VOI to ob-
tain spectral data from multiple, adja-
cent voxels (32,33), have been applied
to measure H-1 metabolites in human
brain (12,14,17,34-37). The data can
be presented as spectra from individ-
ual voxels or in an image format to
view distributions of individual me-
tabolites over the VOL

In this article we present results of
two-dimensional H-1 MR spectros-
copy in human brain, with the goals
of determining proton metabolite dis-
tributions in normal brain and of as-
sessing the effects of brain infarction
on these distributions.

MATERIALS AND METHODS
Human Subjects

Studies were performed of control sub-
jects (n = 6) aged 25-50 years and of pa-
tients with nonhemorrhagic cerebral in-
farcts (n = 10) (Table 1). All subjects
provided informed consent as approved
by the Human Research Committee, Uni-
versity of California, San Francisco.

MR Imaging and MR Spectroscopy

Experiments were performed on an im-
ager (Gyroscan 515; Philips Medical Sys-
tems North America, Shelton, Conn) op-

Abbreviations: NAA = N-acetyl aspartate,
VOI = volume of interest.
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Figure 2. H-1 MR speciroscopic measurement of spherical 3-L phantom containing a gelatin with 20 mmol/L lactate. (a} Transverse MR image
shows 90 X 90 X 20-mm (anteroposterior X left to right X craniocaudal) VOL (b} Lactate image is overlaid with edge-detected MR image. Hori-
zontal and vertical lines give positions where image profiles in ¢ were measured. {c) Horizontal (left to right) and vertical (anteroposterior) im-

age profiles were measured along lines indicated in b.
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Figure 1. Acquisition scheme of H-1 MR 4/67 Left MCA parietal i ;
spectroscopic experiment. The first part of 5/54 ‘Right parietal deep white matier
the pulse sequence consisted of a double wa- 6/63 Lett tl}alazpifs‘s&ria'te artery
ter elimination Fourier transform sequence 7179 " Anterior division right MCA
for water suppression; t; and ¢, indicate in- 8/75 Right MCA :
version delay times. The second part of the lg;’:;g El%th;i%gA
J - Left MC

pulse sequence was a point-resolved spec-
troscopy double spin-echo sequence (90°-
180°-180°) for volume selection. The acquisi-
tion interval began shortly after the last
gradient spoiler pulse. Gx(AP) = magnetic
field gradient in anteroposterior plane,
Gy(LR) = magnetic field gradient in left-right
plane, Gz(CC) = magnetic field gradient in
craniocaudal plane, PRESS = point-resolved
spectroscopy, RF = radio frequency, WEFT =
water elimination Fourier transform.

erating at 2.0 T, with the standard
spectroscopy acquisition software. The
point-resolved spectroscopy sequence
(30,31) was used for VOI selection (Fig 1),
with section-selective pulses in anteropos-
terior, teft-right, and craniocaudal direc-
tions; gradient phase encoding (32,33) was
performed over two dimensions. The first
part of the pulse sequence of Figure 1 is a
double water elimination Fourier trans-
form sequence consisting of adiabatic in-
version pulses for water suppression (38).

Procedure

A standard set of sagittal (repetition
time = 450 msec, echo time = 30 msec
{450/30] and transverse (2,000/30, 90) MR
images was obtained. For the MR spectro-
scopic study, a 20-mm-thick transverse
section within the brain was selected with
further in-plane volume selection of typi-
cal dimensions of 100 X 100 mm. In a
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* MCA = middle cerebral artery, PCA = posterior cetebral artery,

* Masirvunuintarct diameter.

number of studies with both MR imaging
and MR spectroscopy, transverse sections
were angulated by approximately 40° to
reduce contamination with lipid (see be-
low). For water suppression, water elimi-
nation Fourier transform delay times ¢;
and £, (Fig 1) were close to 800 msec and
50 msec, respectively. A 16 x 16 phase-
encoding MR spectroscopic experiment
was performed over a typical field of view
of 180 x 180 mm. Other relevant parame-
ters were repetition time of 2,000 msec,
echo time of 272 msec, four signals aver-
aged, 512 time points, and a sampling
bandwidth of 1,000 Hz. The sampling was
initiated so that 21% of the sampling inter-
val occurred before the echo top.

Data Processing

A 1-Hz exponential line broadening was
applied in the time domain, and both spa-
tial dimensions were exponentially line
broadened by approximately 1 mm, result-
ing in an in-plane resolution of approxi-
mately 1.2 cm, with a voxel size of 2.9 cm®,
In studies involving high levels of water
and/or lipid contamination (three of the
16 studies), a Harnming filter (39) was
used, resulting in an in-plane resolution of
approximately 1.6 cm and a voxel size of

Material may be protected by copyright law (Title 17, U.S. Code)

approximately 5 cm?, The two-dimen-
sional MR spectroscopic images were cre-
ated by integration over selected spectral
regions with use of custom display soft-
ware (40). In addition, the software en-
abled extraction of magnitude spectra by
summing (interpolated) voxels within se-
lected spatial regions. These regions were
usually selected based on findings in the
MR spectroscopic image of NAA (32 x 32
matrix). To minimize contamination from
other tissues, whenever possible spectra
were extracted from regions well inside a
specific tissue region (infarcted brain, nor-
mal brain, or ventricles). Gaussian peaks
were fitted to the resonances of choline,
creatine, and NAA. When lactate also ap-
peared in a spectrum, two additional
gaussian peaks were fitted to this reso-
nance, which in most cases was only par-
tially resolved into a doublet. Peak fitting
was usually successful at a signal-to-noise
ratio greater than 2-3. The estimated de-
tectability limit for single voxels of our
technique was approximately 3.00 mmol/L
for the doublet of lactate (one CHj, group),
2.0 mmol/L for the singlet resonances of
creatine and NAA (one CHj group), and
approximately 0.7 mmol/L for choline
(three CH, groups).

The images of lactate, created by inte-
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gration over a spectral region of 1.26-1.40
ppm, were often contaminated with lipid
signal originating from the scalp and the
bone marrow; nevertheless, these images
are termed “lactate” images. The spectral
region covered by the broad lipid reso-
nances (1.0-2.5 ppm) included the lactate
region and prohibited reliable quantita-
tion of lactate. Intensity within the VOI of
the lactate image usually originated from
lactate, whereas intensity outside the VOI
represented mostly lipid. This was verified
by examining spectra extracted from high-
intensity regions: Spectra from within the
VOI usually showed a doublet at 1.33
ppm, whereas spectra from outside the
VOI showed a very broad resonance
around this chemical shift.

Material may be protected by copyright law (Title 17, U.S. Code)

BT A? ii o ?™ , RT.. ... .. ™

1.5 1.0

RESULTS

An MR spectroscopic experiment
on a 3-L spherical phantom (26 mmol/
L lactate) (Fig 2) showed intensity
variations of about 10%, largely due
to Gibbs ringing and imperfections in
the volume selection. The accuracy of
metabolite measurements in human
brain (see below), in which the signal-
to-noise ratio was lower, was there-
fore not better than approximately
10%.

The results of an MR spectroscopic
study of a healthy volunteer are dis-
played in Figure 3. Figure 3a displays
the T2-weighted MR image of a

Figure 3. H-1 MR spectroscopic measure-
ment of 25-year-old healthy subject. (a) Six-
millimeter-thick, transverse, T2-weighted MR
image shows 120. X 90 % 20-mm (antero-
posterior X left to right X craniocaudat) VOI
(inner box) and 180 x 180-mm field of view
(outer box). (b) Choline-plus-creatine metab-
olite image is overlaid with high-pass filtered
MR image. (¢) NAA-metabolite image over-
laid with high-pass filtered MR image shows
regions from which spectra were obtained.

1 = contralateral brain, 2 = ventricles, 3 =
infarct. (d) H-1 spectra were obtained from
regions indicated in ¢. Fach spectrum was
obtained from approximately 9 mL of tissue.

6-mm-thick transverse section, along
with two box outlines; the smaller box
indicates the VOI for the MR spectro-
scopic experiment, while the larger
box shows the field of view over
which phase encoding was per-
formed. Metabolite distributions are
indicated in the MR spectroscopic im-
ages of Figure 3b and 3c. These latter
figures are overlaid with a high-pass
filtered MR image of Figure 3a to fa-
cilitate identification of anatomic fea-
tures on the MR spectroscopic image.
Figure 3b shows the image of the sum
of choline and creatine. The NAA
spectroscopic image is displayed in
Figure 3¢; spectra extracted from the
regions indicated on the image are
shown in Figure 3d. The middle spec-
trum, extracted from an area contain-
ing cerebrospinal fluid, shows clearly
reduced metabolite concentrations.
Some metabolite resonance intensity
remains in this spectrum due to the
fact that the MR spectroscopic imag-
ing voxel (20 mm thick) contains some
brain tissue not displayed on the thin-
section (6-mm-thick) MR image.

Two different H-1 MR spectro-
scopic studies of infarcted brain are



a. b.

Figure 4. Patient 1. H-1 MR spectroscopic
measurement of brain infarction was made
with use of angulation. (a) Seven-millimeter-
thick sagittal T1-weighted MR image shows
(angulated) VOL (b} Six-millimeter-thick
transverse (angulated), T2-weighted (echo
time = 50 msec) MR image shows VOIL.

{c) Choline-plus-creatine metabolite image is
overlaid with high-pass filtered MR image.
{d) Lactate metabolite image is overlaid with
edge-detected MR image. (e) NAA metabolite
image overlaid with high-pass filtered MR
image shows regions from which spectra
were obtained. 1 = contralateral brain,

2 = ventricles, 3 = infarct. {f) H-1 spectra
were obtained from regions indicated in e.
Each spectrum was obtained from approxi-
mately 10 mL of tissue.

displayed in Figures 4 and 5. In the
case of Figure 4 (patient 1}, the trans-
verse MR image sections and the MR
spectroscopic section were angulated.
Figure 4a depicts the MR spectro-
scopic VOI and indicates the angula-
tion. The T2-weighted transverse sec-
tion displayed in Figure 4b shows the
infarcted region as a large area of hy-
perintensity in the right occipital lobe,
posterior to the ventricle. Figure 4b
displays the MR spectroscopic VOL
The choline-plus-creatine MR spectro-
scopic image for patient 1 (Fig 4c),
with an overlay of the high-pass fil-
tered MR image, shows reduction in
the signal of choline plus creatine in
the ventricles, as well as in the infarct
region. Figure 4d shows a lactate MR
spectroscopic image of patient 1; that
image is overlaid with an outline from
the MR image. The lactate is dis-
played as hyperintensity within the
VOI, while hyperintensity outside the
VOI (regions near the skull) repre-
sents lipid, as verified with spectra
obtained from these regions (not
shown). Comparison with the MR
image shows that lactate originates
from within the ventricles; increased
lactate concentration was not ob-
served in the infarct.

The lipid signal does not appear as
a continuous rim around the brain for
the following reasons. First, to create
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the lactate image, only a small spec-
tral region (1.26-1.40 ppm) was se-
lected for integration. The signal from
lipid surrounding the skull is very
broad (1.0-2.5 ppm), partly because
the area outside the VOI was not well
shimmed, since localized shimming
was performed. Thus, the lipid contri-
bution to the integrated region was
highly variable. Second, the lipids
were highly suppressed by the local-
ization scheme employed to select the
VOL The degree of lipid suppression
depended on the section-selection
profiles of the point-resolved spec-
troscopy pulses and the position of
the lipid with respect to the edges of
the VOI. Thus, the amount of lipid
that was still detected with the point-
resolved spectroscopy localization
was spatially quite variable.

The NAA MR spectroscopic image
for patient 1 is displayed in Figure 4e.
As in Figure 4d, hyperintensity out-
side the VOI represents lipid. Similar
to findings with choline plus creatine,
NAA was markedly reduced within
the ventricles and within the infarct.
Voxels within the regions labeled 1, 2,
and 3 on Figure 4e (representing nor-
mal-appearing contralateral brain,
ventricle, and infarct, respectively)
were summed, and the resulting spec-
tra are displayed in Figure 4f. The
spectrum from region 1 shows the

Material may be protected by copyright law (Title 17, U.S. Code)

expected resonances of choline, creat-
ine, and NAA. The spectrum of region
2 shows the presence of lactate, along
with much reduced levels of NAA,
choline, and creatine. As discussed
previously, the levels of NAA, cho-
line, and creatine probably arise from
tissue above or below the ventricles
that is not seen on the thin-section
(6-mm-thick) MR image. No pro-
nounced metabolite resonances are
observed in region 3.

Figure 5 shows the MR spectro-
scopic results for patient 6. Figure 5a
shows the MR image indicating the
VOI (inner box}. The infarct area ap-
pears as a stall hyperintense region
in the left hemisphere, close to the
ventricles. The lactate image (Fig 5b)
shows a hyperintense region at the
same location. As in Figures 4d and
4e, hyperintensity outside the VOI
represents lipid. A spectrum (Fig 5c¢)
obtained from the hyperintense re-
gion in the lactate image shows a par-
tially resolved doublet at 1.33 ppm;
that spectrum was identified as lac-
tate. The spectrum also shows the res-
onances of choline, creatine, and
NAA. Owing to the small size of the
stroke region, part of these metabolite
signal intensities originates from tis-
sue surrounding the infarct.

The results of analyses of the spec-
tra obtained from different regions in
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Figure 5. Patient 6. H-1 MR spectroscopic
measurement of brain infarction. (a) Six-milli-
meter-thick transverse (not angulated), T2-
weighted (echo time = 50 msec) MR image
shows VOL (b) Lactate metabolite image
overlaid with high-pass filtered MR image
shows regions from which spectra were ob-
tained (1, 2). (c) H-1 spectra were obtained
from regions indicated in b. Each spectrum
was obtained from approximately 9 mL of
tissue.

ble 2 shows left-right ratios close to
unity, indicating bilateral symmetry
for choline, creatine, and NAA metab-
olite distributions in healthy subjects.
The infarct data are presented as
levels of choline/NAA, creatine/INAA,
and metabolites within the infarct
compared with findings in normal-
appearing contralateral brain. Lactate
levels in the infarct and in the ventri-
cles are compared to NAA in the con-
tralateral region. All infarcts except
one showed decreases of choline, cre-
atine, and NAA in the infarct and a
greater loss of NAA than of choline
and creatine. The one exception was a
very small infarct in patient 6 that
demonstrated metabolite levels that
were maintained probably because of
contamination with surrounding nor-
3.5 3.0 2.5 20 1.5 1.0 mal tissue. Mean values of cholir%e/
PPM NAA and creatine/NAA in the infarct
¢ were 0.97 = 0.15 and 0.51 £ 0.07, re-
spectively; these values were signifi-
cantly higher than normal values
normal and infarcted brain are sum- dard error. Mean ratios for choline/ (P < .001, P < .03, respectively).
marized in Table 2. Actual volumes NAA and creatine/NAA obtained Within the infarct, choline, creatine,
ranged from 7 to 15 mL. Averaged from healthy subjects were 0.43 + and NAA were reduced to 0.46 + 0.12,
ratios are presented as mean * stan- 0.03 and 0.29 = 0.02, respectively. Ta-  0.37 £ 0.11, and 0.23 + 0.08, respec-

-
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tively, compared with values in the
contralateral normal-appearing re-
gion. Furthermore, the reduction in
NAA was significantly greater than
the reduction in either choline or cre-
atine (P < .001 with paired f test). In
the infarctions, the values for choline/
NAA and creatine/NAA in contralat-
eral normal tissue (0.47 = 0.03 and
0.31 + 0.01, respectively [not in Table
2]) were similar to the values found in
healthy subjects.

No lactate was found in the healthy
subjects. In six infarctions, lactate was
found within the infarct. The last two
columns of Table 2 (lactate/NAA)
show that detectable levels of lactate
were associated with all infarctions as
measured in the infarct, within the
ventricles, or both. The estimated er-
ror in the lactate/NAA ratio data is
quite large (0.04-0.08) due to poor
signal-to-noise ratio and to possible
contamination with lipid signal.
Therefore, care has to be taken with
interpretation of these data.

DISCUSSION
Clinical Implications

There were three major findings in
these experiments: Brain infarction
was associated with a marked lower-
ing in the level of observed H-1 me-
tabolites at MR imaging compared
with findings on the contralateral
side, NAA was reduced to a greater
extent than were choline and creat-
ine, and all of the 10 subacute to
chronic infarctions demonstrated per-
sistent elevations in levels of lactate
within the infarct and/or ventricles.
The finding that the levels of H-1 me-
tabolites were reduced in infarcts is
consistent with findings in previous
studies with both H-1 (2,3,7,8) and
phosphorus-31 (41,42) MR spectros-
copy.

Brain infarctions are associated
with a marked decrease of cellular
density in the region of the infarct
(43), which largely accounts for the
reduced metabolite concentrations.
The finding that the ratios of choline/
NAA and creatine/NAA were in-
creased in the region of the infarct, as
previously reported (7,8), is clearly
due to a greater reduction in NAA
than in choline or creatine. This is evi-
denced by the finding (Table 2) that
the NAA concentration was reduced
to 23% of its contralateral value,
which is significantly (P < .001) more
than the reductions in choline (to
46%) and creatine (to 37%). It has
been suggested that NAA is specific to
neurons (23). Thus the finding that

716 * Radiology

NAA was reduced to a greater extent
than were choline and creatine is con-
sistent with the view that within the
infarct there was a greater loss of neu-
rons than of glial cells.

The finding that all of the subjects
with subacute and chronic infarctions
had persistent elevation in lactate lev-
els is important. Previously, in a case
report, Ott et al suggested that lactate
concentrations may be elevated
within or adjacent to subacute and
chronic infarction (4); the current ob-
servations substantiate those findings.
One possible explanation is that in-
creased lactate concentrations repre-
sent continuing ischemia in the bor-
der zone of the infarction, sometimes
referred to as ischemic penumbra (44).
Although this remains a possibility,
none of the cases showed increased
lactate exclusively in the border zone
of the infarct. Lactate was found
within the infarcted area, within the
ventricles, and, in sorne cases, in both.

The mechanism of the persistently
elevated lactate level remains specula-
tive. One study of a 32-day-old infarc-
tion used carbon-13-labeled glucose
to show continued lactate turnover,
demonstrating continued synthesis
rather than simple loculation of a
stagnant pool (9). One possible expla-
nation is that the lactate is produced
by viable yet persistently ischemic
tissue. A second possible explanation
is that lactate is produced by phago-
cytic glial cells or leukocytes in the
infarct because of the known high
rate of anaerobic glycolysis by these
cells (45,46). A third possible explana-
tion is that factors other than ischemia
stimulate glycolysis of the tissue
within the infarct.

While in the majority of cases the
lactate was unambiguously identified
by its chemical shift and characteristic
doublet, in a few cases the doublet
was not clearly evident due to low
signal-to-noise ratio and suboptimal
shimming. In these cases it was not
possible to rule out the possibility that
mobile lipids gave rise to the reso-
nance. However, the narrowness of
the resonance and the fact that the
resonance occurred at the point of
chermical shift for lactate and under
circumstances in which lactate was
observed in other subjects are find-
ings that do not support the likeli-
hood that mobile lipids give rise to
this resonance.

Previous H-1 and P-31 MR spectro-
scopic studies with use of single-vol-
ume techniques obtained spectral in-
formation from only a single region.
A major advantage of the MR spectro-
scopic technique is that signals are
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obtained simultaneously from multi-
ple voxels within a relatively large
VOI so that the specira obtained from
within the infarct can be directly com-
pared with corresponding spectra
from the contralateral region of brain.
With this approach, the extent to
which metabolite concentrations are
reduced in the infarcted region can be
estimated with the assumption that
the contralateral brain is normal. Al-
though our results indicate similar
metabolite ratios in brains of healthy
subjects and in regions of normal
brain in the much older patients with
brain infarctions, it is possible that
aging affects H-1 metabolite concen-
trations in normal-appearing brain or
that the healthy subjects had wide-
spread vascular disease or other
pathologic abnormalities that resulted
in altered metabolite concentrations.
Until H-1 MR spectroscopic data can
be used to obtain quantitative esti-
mates of molar concentrations of me-
tabolites {47--51), it will not be possible
to determine rigorously the extent of
reductions produced by infarctions.

Limitations

A number of difficulties were en-
countered in the studies reported
herein that are associated with obtain-
ing quantitative results with MR spec-
troscopic methods.

A major problem encountered with
in vivo H-1 MR spectroscopy is the

- presence of intense signals from wa-

ter and lipid, especially in spectra ac-
quired from regions close to the skull,
which can interfere with correct inter-
pretation of the signal intensities of
choline, creatine, NAA, and lactate.
Therefore, for the quantitation of lac-
tate, spectra were examined from
high-intensity regions in the lactate
image. Lactate was identified as a rel-
atively narrow doublet with 7-Hz
splitting, while lipid was character-
ized as a broad resonance covering a
frequency range of approximately
1.0-2.5 ppm.

During switching of By gradients,
eddy currents are induced in the con-
ductive parts of the magnet (eg, cryo-
stat), and the currents can cause some
gradient to persist after the gradient
pulses have been turned off. These
eddy currents can potentially cause
line broadening, phase distortion, sec-
tion tilting, and artifacts in the section
profiles. The line broadening was
minimized by using the gradient pro-
ducing the least residual eddy current
as the last selection-spoiler gradient in
the MR spectroscopic sequence (Fig 1).
With an echo time of 272 msec, the
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line broadening due to eddy currents
was estimated to be less than 1 Hz
over the VOI. Eddy currents can also
give the transverse spins a net
dephasing at the position of the echo
top; the amount of dephasing de-
pends on spatial position and is dif-
ficult to correct. Therefore, magnitude
spectra were used for reconstruction
of MR spectroscopic images and for
summation of spectra obtained from
multiple voxels.

Owing to the frequency offset be-
tween the different resonances in a
spectrum, the VOI positions (but not
the voxel positions) are offset for the
different metabolites. The shift can
cause spurious differences in ampli-
tudes of metabolites when compari-
sons among different metabolites are
made near the edge of the VOL
Therefore, data were not taken near
the edges.

In addition to resulting in spatially
inhomogeneous signal reception, in-
homogeneity of the B field can cause
deterioration of the water suppres-
sion and degradation of the section
profiles. =
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